Abstract-This paper presents direct field oriented control sensorless speed servo for induction motors where the main contribution is the use of low-cost electrical sensors. It is possible due the use of a linear Kalman filter. The current estimates are used in a recursive least-square speed estimator. Moreover, estimated rotor flux provided by Kalman filter helps to keep the flux and torque decoupling. As it is presented in this paper, with both techniques working together is possible to obtain good speed estimation with low noise level and computation effort, in spite of use current transducer that cost just some cents. Some experimental results are presented to evaluate this proposal.
I. Introduction
In 1971 F. Blaschke presented the field oriented control principle. Thanks to this work and its development, induction motor drives are an industrial reality nowadays and they are available on the market by several solutions and performances. The majority of these drives are based on speed sensor, which increases the prices of the low-power drives (< 5kW). In this power range, the speed sensor cost is almost the same of the induction motor cost. Because of this, sensorless control methods have been making remarkable developments in the most recent years. Speed estimation methods are being that avoid the speed measurement setup and commercial sensorless vector-controlled drives are already available [1] .
In the literature, several tacholess vector control schemes have been proposed: algorithms using Kalman filter [2] - [3] , model reference adaptive systems [4] - [5] , direct control of torque and flux [6] - [7] and linear models [8] - [9] . But all these techniques are based on back EMF measurement, and fail at low and zero speed because induced voltages are too low to be correctly measured. Moreover no voltages are induced on the stator windings at zero frequency.
In [10] , a Modified Recursive Least Square (MRLS) is presented which is associated with the MRC control law in a speed sensorless IM servo system. The resulting controller is capable of assure performance over a wide speed range, including low and zero speed conditions. Moreover, the RMRAC control law is used to obtain the control law parameters of the MRC controller. It reduces the time needed for design and compensates for variations on mechanical parameters. In this speed-sensorless servo, measurements of the stator currents were obtained by means of Hall-effect sensors. This kind of current sensor is usually used in most of tacholess speed servo drives proposed in the literature. However, in industrial point of view, Hall-effect sensor cost can be 50 percent of induction motor cost. So, in some cases, these sensors are expensive and the use of low-cost sensors is welcome.
When the quality of the sensor is reduced it can increase the noise level in the current measurements, which it can be a serious issue for the control law. Even if the control law behaves satisfactorily under noisy measurements, the induction motor currents may be affected and the mechanical integrity of the motor can deteriorate over the long term. Analog and digital filters can be a solution but they introduce phase errors and their analog counterparts introduce additional components. Other possibility can be found in [11] , where an extended Kalman filter is used to estimate the rotor speed and flux through stator voltages and currents of the induction motor supply. However, this filter is based on a nonlinear induction motor model which increases the computational effort and the costs to be implemented.
To overcome these drawbacks the use of a linear Kalman filter is proposed in this work to estimate the stator currents and the rotor flux. The estimated currents are used in a Modified Recursive Least Square (MRLS), responsible to estimate the rotor speed while the estimated flux is used to provide the flux alignment. As presented in this paper, with both techniques working together is possible to obtain good speed estimation with low noise level and computation effort, in spite of use current transducer that cost just some cents. This paper is organized as follows: in section II is presented the induction motor model. In section III, the filtering technique is described together with the rotor flux position estimation. In section IV the sensorless scheme is presented. Experimental results are given in section V.
II. Induction Motor Model The dq model of the three phase IM, with the electrical variables referred to an arbitrary dq rotating frame, is given by (1) . The mechanical model is given by
where
are the stator, rotor and mutual inductances. I ds , I qs , I dr , I qr are the stator and rotor currents. ω R and ω are the rotating speed of the shaft and of the electrical current, respectively. T E , T L are the electrical torque and the load torque. J, B are the moment of inertia and the damping coefficient (motor and load). λ is the number of pole pairs of the motor. In equation (1) the motor is considered to be perfectly balanced and saturation phenomena are disregarded. Equations (2) and (3) represent the coupling between the electrical and mechanical models. If the vector control is such that q-axis rotor flux is zero, and daxis rotor flux is constant, the electrical model of the motor given by (1) and (2), can be reduced to
where I ds is the reference current for the direct stator current (I ds ). This current is assumed constant to ensure a constant level of machine magnetization. This assumption is necessary to obtain a linearization in (5) . More details on the decoupling applied to (4) can be found in [12] . The frequency of the voltage applied to the IM is
Note that there is a coupling between the I ds and I qs currents. Two proportional-integral (PI) controllers are used to compensate this coupling [12] , as verified in Fig. 1 . This simplifies the stator currents control of the motor.
The rotor speed is necessary to obtain the synchronous speed and to convert the measurements of the stator voltages and currents to dq reference frame. It is considered that speed sensor is not used to obtain ω R , therefore an estimation algorithm is necessary and will be presented in section IV.
III. Estimating the Stator Current and
Obtaining the Rotor Flux Position The use of low-cost electrical sensors, more specifically shunt type sensors, introduce more noise in the measurements. The measurement noise can degrade the overall performance of the controller. To minimize this impact it is proposed the use of the Kalman filter to provide current estimates that will substitute the measured ones in the speed estimator. To use the filter, the electrical system of the induction motor is modeled as a discrete linear stationary stochastic system:
where γ k e ς k are uncorrelated Gaussian white-noise sequences with means and covariances as follows:
where E{·} denotes expectation and δ ij denotes the Kronecker delta function. Q and R are bounded positive definite matrices (Q > 0 and R > 0). The filtering equations arê
with given initial conditionsx 0|−1 e P 0|−1 . Additionally,
and
that represent the covariance of the estimation errors. Instead of using (1), the mathematical model used in the Kalman filter is given by (20) . Note that this model
involves the knowledge of the rotor speed ω R . This information is obtained by the estimation technique presented in section IV. The Kalman filter with this model provides current estimates less corrupted by noise and flux estimates that will be useful for obtaining the rotor flux position, necessary in the control scheme. Hence, the sine and cosine functions, used in the Park transforms, can be obtained directly from the flux estimates as follows.
Considering φ r k = φ2 
while the cosine function is given by
IV. Proposed Speed Controller A. Modified Recursive Least-Squares
Consider the three phase induction motor defined in (1), (2) and (3) 
The regression model presented, and others variations, can be obtained from (23) with the electrical variables referred to the stator fixed frame, as shown in [8] . Let us assume that the derivatives presented in (25) and (26) are measurable quantities. In the implementation these quantities are obtained by state variable filters (SVF) [13] . Four filters were developed by discretization of transfer function given by
where ω C = 5ω. The input of each one of the filters is V αs , V βs , I αs and I βs . From each filter we obtain the vectors I α , I β , V α and V β where
To estimate ω R a recursive least-squares algorithm can be used [8] . The speed estimator used encounters problems at very low speed. To overcome this difficulty, a sigma modification function was added to the estimation algorithm.
(30) The recursive equation for this algorithm is presented as follow.ω
By this algorithm, it is possible to obtain the estimates of the speed to be used in the control law as presented in the next section.
B. Controller Structure
The proposed sensorless speed control structure is shown in Fig. 1 . Since the current signals measured on the stator are provided by low-cost sensors, these signals can be corrupted by noise. These noisy signals can affect the MRLS algorithm and the control law used leading to unsatisfactory performance of the controller. Hence, the control structure makes use of stator current estimates provided by the Kalman filter. A RMRAC control law, described in [10] , is used to obtain the MRC control law parameters. This makes it possible to design the mechanical controller without knowing the exact model of the plant (Induction Motor/Inverter system) thus reducing the time needed for modelling. The resulting MRC controller is used to obtain the current, calculated by the difference between the estimated speed and the output of the reference model. Moreover, it uses a speed observer to obtain a signal to be controlled by the RMRAC controller. It results in a sensorless controller, tolerant to unmodeled dynamics, with low-cost current sensors.
V. Experimental Results
The proposed technique was applied to control a Yconnected four poles induction motor, 1.5 cv, 1720 rpm, 380 V/2.56 A type. Motor parameters were obtained by no load test, locked rotor test and board data. Further details are given in [10] .
The reference model is
and the pre-compensator G c (s) used is
(36) Figure 2 shows the experimental setup, where the control law is implemented in C language in a PC compatible platform. This platform also contains a data acquisition board with PWM generation capability. Figure 3 depicts the shunt type sensor used in the experiment. The output of the reference model (ω RM ) and the estimated rotor speed (ω R ) are depicted in Fig. 4 while the measured rotor speed, for comparative purposes, is presented in Fig. 5 .
It is clear that the proposed sensorless speed control using low-cost sensors provide an adequate performance even near the zero crossing region. Besides, the estimated rotor speed is very close to the measured one.
The estimated rotor speed under speed steps is presented in Fig. 6 where, again, the results show an adequate performance of the proposed control scheme. VI. Conclusion This paper described a speed sensorless scheme based on a modified recursive least-square (MRLS) with a model ref- erence controller (MRC) that uses low-cost shunt type current sensors. The use of low-cost sensors is allowed through inclusion of a Kalman filter. Since the Kalman filter also provides flux estimates, those estimates were used for obtaining the flux position. The present propose is adequate for low-power drives application where the cost of measurement devices can become significant when compared to the induction motor cost. The experimental results presented shows the effectiveness of the proposed method.
